NACA  TN  No.  1683 


NATIONAL  ADVISORY  COMMITTEE 
FOR  AERONAUTICS 

TECHNICAL  NOTE 

No.  1683 

AN  EXPERIMENTAL  INVESTIGATION  OF  AN 

NACA  632-012  AIRFOIL  SECTION  WITH 

LEADING-EDGE  SUCTION  SLOTS 

By  George  B.  McCullough  and  Donald  E.  Gault 

Ames  Aeronautical  Laboratory, 

Moffett  Field,  Calif. 


Reproduced  From 
Best  Available  Copy 


Washington 
August  1948 


distribution  statement  a 
Approved  for  Public  Release 
Distribution  Unlimited 


20000808  156  I 

— - ^  1 1"3  (0*11} 


'MTIOML  ADVISORY  COMMITTEE  FOR  AERONAUTICS 


TECHNICAL  NOTE  NO.  I683 

AN  EXPERIMENTAL  INVESTIGATION  OF  AN  NACA  633_-012  AIRFOIL 
SECTION  WITH  LEADING-EDGE  SUCTION  SLOTS 
By  George  B.  McCullough  and  Donald  E.  Gault 


SUMMARY 

An  NACA  63]_-012  airfoil  section  equipped  with  a  single  suction 
slot  near  the  leading  edge  was  investigated  to  determine  whether  or 
not  the  maximum  lift  coefficient  could  be  increased  by  delaying  the 
separation  of  flow  at  the  leading  edge  characteristic  of  the  basic 
section.  The  leading-edge  separation  was  delayed  and  the  linear 
portion  of  the  lift  curve  substantially  extended  until  the  turbulent 
boundary  layer  separated  from  the  rear  portion  of  the  airfoil.  The 
abruptness  of  the  stall  was  thereby  reduced. 

The  maximum  lift  increased  with  increasing  flow  through  the  slot, 
rapidly  at  first,  then  at  a  diminishing  rate.  The  effect  on  pitching 
moment  was  negligible.  The  profile  drag  was  increased  for  low  values 
of  lift  and  reduced  at  high  values  of  lift  (for  flow  coefficients 
greater  than  0.002)  over  the  corresponding  drag  of  the  basic  airfoil 
section. 

It  was  found  that  the  slot  location  and  width  are  important. 
Sixteen  different,  slots  were  investigated  without  encountering  the 
optimimi,  but  the  results  indicated  that  the  leading  edge  of  the  slot 
should  be  downstream  of  the  point  of  separation  of  flow  from  the 
leading  edge  of  the  basic  airfoil  immediately  prior  to  its  stall. 


INTRODUCTION 

The  efficacy  of  boundary— layer  control  as  a  means  of  delaying 
separation  of  the  turbulent  boundary  layer,  and  thereby  increasing 
the  lift  of  airplane  wings,  has  been  demonstrated  by  numerous  small- 
scale  experiments.  Despite  the  favorable  results  of  these  experiments, 
few,  if  any,  practical  applications  to  conventional  wings  of  moderate 
thickness  have  resulted  because  simpler  high— lift  devices  were  capable 
of  producing  adequate  lift. 
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The  trend  toward  thin  swept  wings  for  high-epeed  airplanes  has 
made  the  attainment  of  sufficiently  high  maximum  lift  coefficients 
for  landing  more  difficult.  Airfoils  suitable  for  hi^  speed  are 
generally  characterized  by  undesirable  stalling  properties  and 
relatively  low  maximum  lift  coefficients  even  when  equipped  with  the 
most  effective  of  flaps.  For  this  reason^  a  research  program  was 
instituted  to  investigate  the  possibilities  of  increasing  the  maximum 
lift  and  improving  the  stalling  properties  of  such  airfoil  sections 
by  means  of  boundary— layer  control. 

Before  attempting  an  application  of  boundary— layer  control,  the 
stalling  and  boundary— layer  characteristics  of  two  low-drag  airfoil 
sections  were  Investigated.  It  was  found  that  the  thicker  of  the  two 
sections,  an  KACA  633-018,  stalled  because  of  separation  of  the  turbu¬ 
lent  boundary  layer.  The  separated  area  originated  at  the  trailing 
edge  and  spread  progressively  foivard  along  the  surface  with  increasing 
angle  of  attack.  The  thinner  section,  an  MCA  63i-012,  stalled  com¬ 
pletely  and  abruptly  because  of  separation  of  flow  from  the  leading 
edge.  These  results  made  it  obvious  that, in  order  to  increase  the 
maximum  lift  of  the  thinner  airfoil  section^ it  would  first  be  neces¬ 
sary  to  delay  the  leading-edge  separation.  If  this  could  be  done 
successfully,  further  Increases  in  maximum  lift  probably  could  be 
achieved  by  controlling  the  turbulent  boundary— layer  over  the  aft 
portion  of  the  airfoil  (an  application  of  boundary— layer  control 
which  has  been  successfully  demonstrated  in  the  past,  e.g.,  references 
1  and  2).  In  spite  of  its  relatively  large  maximum  section  lift 
coefficient,  the  12-percent— thick  section  was  selected  for  use  in  the 
present  investigation  because  of  its  abmpt  stalling  properties.  Also 
the  already  existing  boundary— layer  data  for  this  section  would  be  of 
value  for  purposes  of  comparison  with  those  of  the  suction  airfoil. 

This  report  presents  the  results  of  an  experimental  investigation 
to  determine  whether  or  not  leading— edge  separation  can  be  forestalled 
by  means  of  a  single  suction  slot,  and,  to  a  lesser  extent,  to  de- 
teimilne  the  optimum  location  and  width  of  the  slot.  Only  sharp-edged 
slots  with  their  Inlets  approximately  normal  to  the  surface  were 
considered.  No  attempt  was  made  to  find  the  optimum  slot-entry  shape. 

Sixteen  different  slots  near  the  nose  of  an  NACA  632_-012  airfoil 
were  investigated  separately.  The  data  obtained  include  force, 
pressure,  and  boundary-layer  measurements.  The  investigation  was 
conducted  in  the  Ames  7“  10— foot  wind  tunnel  No.  1. 


SYMBOLS 

The  symbols  used  in  this  report  are  defined  as  follows: 


c  wing  chord,  5-000  feet 
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°d.o  suction  profile-drag  coefficient  (corrected  for  jet^oundary 
effect  ty  the  method  of  reference  3)  (D/q^c) 

Cl  section  lift  coefficient  (corrected  for  jet-boundary  effect  by 
the  method  of  reference  3)  (L/q^c) 

section  pitching-^aoment  coefficient  referred  to  c/4  (corrected 
for  jet-boundary  effect  by  the  method  of  reference  3) 
(M/q^c^) 

Cq  section  flow  coefficient  (q/Uoc) 

D  drag,  pounds 

H  boundary-layer  shape  parameter  (6*/©) 

L  lift,  pounds 

M  pitching  moment,  pound  feet 

p^  local  static  pressure,  pounds  per  square  foot 

Pq  free-etream  static  pressure,  pounds  per  square  foot 
P  pressure  coefficient  (^) 

qo  free-etream  dynamic  pressure  (|poiio^),  pounds  per  square  foot 

Q  volume  flow  throu^  slot  per  unit  span  at  free-etream  density, 

square  feet  per  second 

u  local  velocity  inside  boundary  layer,  feet  per  second 
U  local  velocity  outside  boundary  layer,  feet  per  second 
Uq  free-etream  velocity,  feet  per  second 

w  slot  width,  feet 

X  distance  from  airfoil  leading  edge  measured  parallel  to  chord 
line,  feet 

distance  from  airfoil  leading  edge  to  upstream  edge  of  slot 
measured  parallel  to  chord  line,  feet 

y  distance  above  airfoil  measured  normal  to  surface,  feet 
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Oq  section  angle  of  attack  (corrected  for  Jet^oundary  effect  by 
the  method  of  reference  l),  degrees 

6  total  boundary-layer  thickness,  feet 

6f  flap  deflection,  degrees 

5*  boundary— layer-displacement  thickness,  feet 


6  boundary— layer^iiomentum  thickness,  feet 


Po  free-stream  mass  density,  slugs  per  cubic  foot 


MODEL  AND  APPARATUS 
Model 

The  model  used  for  this  investigation  was  a  5— foot— chord, 

WACA  631-012,  two-dimensional  airfoil  equipped  with  a  27— 1/2— 
percent— chord  plain  flap  hinged  at  the  chord  line.  Circular  end 
plates,  6  feet  in  diameter,  attached  to  the  model,  formed  part  of 
the  tunnel  floor  and  celling.  The  model  contained  an  internal 
plenum  chamber  to  provide  the  ducting  for  the  suction  slot.  The 
cross-section  area  of  the  plenum  chamber  was  large  enough  to  reduce 
the  dynamic  pressure  of  the  Induced  air  to  negligible  values,  and  to 
insure  uniform  flow  into  the  slot  across  the  7-foot  span  of  the  model. 
Flush  orifices  in  the  surface  of  the  model  permitted  measurement  of 
the  pressure  distribution.  Airfoil  coordinates  are  given  in  table  I, 
and  a  photograph  of  the'  model  Installed  in  the  wind  tunnel  in  figure  1. 

The  nose  section  of  the  model  containing  the  slot  was  removable, 
facilitating  changes  in  slot  location  and  width.  These  dimensions 
varied  from  0—  to  1-percent  chord  in  location,  and  from  O.167—  to 
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0.800-percent  chord  in  width  (0.100-  to  0.48o  in.).  Detailed  di- 
menslons  of  the  I6  slots  investigated  are  given  in  figure  2. 


Apparatus 

The  auction  required  to  induce  flow  into  the  slot  was  provided 
by  a.  centrifugal  blower  outside  the  wind  tunnel.  The  air  duct  to 
the  blower  left  the  lower  end  of  the  model  through  a  mercury  seal 
which  isolated  the  model  from  mechanical  forces  introduced  by  the 
external  piping. 


The  quantity  of  flow  through  the  various  slots  was  ascertained 
by  measui-lng  the  pressure  drop  across  an  orifice  meter  built  to 
American  Society  of  Mechanical  Engineers  Standards.  The  air  pressure 
within  the  plenum  chamber  was  determined  from  three  static-pressure 
tubes  in  the  pleniun  chamber. 

Boundary-layer  velocity  profiles  were  measured  by  means  of  a 
small  rake  or  "mouse"  attached  to  the  s\irface  of  the  airfoil.  Several 
sizes  of  rakes  were  used,  depending  on  the  boundary-layer  thickness. 
The  smallest  rakes  (fig.  3)  consisted  of  one  static  tube  and  six 
total— pressure  tubes  made  of  0.015— inch— outside— diameter  steel 
hypodermic  tubing  flattened  to  O.OO7  inch  at  the  ends.  Larger  rakes 
made  of  heavier  tubing  were  capable  of  measuring  boundary  layers  up 
to  4  inches  in  thiclmess. 

In  order  to  obtain  indications  of  localized  regions  of  separated 
flow  over  the  surface,  an  adaptation  of  the  liquid-film  method  was 
used.  This  technique,  as  originally  developed  in  England  for  the 
pujcpose  of  ascertaining  the  point  of  transition  from  laminar  to  turbu¬ 
lent  flow  in  the  boundary  layers  of  airfoils,  depended  on  the  differ¬ 
ence  in  the  rate  of  evaporation  of  a  thin  film  of  kerosene  spread 
over  the  airfoil  surface.  Eor  the  adaptation  employed  in  this  in¬ 
vestigation,  a  more  volatile  liquid  was  sprayed  on  the  surface  of  the 
model.  The  boundary-layer  flow  scrubbed  the  liquid  from  the  surface 
except  under  the  region  of  separated  flow  where  the  lack  of  surface 
shear  permitted  the  liquid  to  accumulate  in  a  thick  film.  In  order 
to  make  the  liquid  film  more  visible,  the  model  was  painted  a  dull 
black.  The  liquid  was  composed  of  9  parts  alcohol,  2  parts  of  10- 
percent  aqueous  solution  of  Aerosol,  and  1  part  glycerin. 
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TESTS  AlTD  EESULTS 
Method 


The  method  of  obtaining  data  was  to  maintain  various  constant 
values  of  the  flow  coefficient  Cq^  as  the  angle  of  attack  of  the 
model  was  varied.  Tests  were  made  of  each  of  the  I6  slots  at  several 
values  of  the  flow  coefficient  for  the  model  with  the  flap  undeflected, 
and  at  one  value  (cg^,  0.0025)  with  the  flap  deflected  40°.  A  full 
range  of  flow  coefficients  was  employed,  however,  for  the  model  with 
slot  15  and  the  flap  deflected  40^. 

Except  for  values  of  Cg^  greater  than  0.005,  all  tests  were 
made  with  a  dynamic  pressure  of  4o  pouifds  per  square  foot,  which 
for  the  5~f oot—chord  model  corresponds  to  a  Reynolds  number  of 
5,800,000  and  Mach  number  of  O.I67.  In  order  to  obtain  values  of 
Cq  greater  than  O.OO5,  it  was  necessary  to  reduce  the  dynamic 
pressure  to  20  pounds  per  square  foot,  which  corresponds  to  a 
Reynolds  number  of  4,150,000  and  a  Mach  number  of  0.II6. 

Lift,  Moment,  and  Drag  Measurements 

Force  measurements  were  made  using  the  usual  wind-tunnel  balance 
system.  The  large  number  of  these  data  makes  a  complete  presentation 
impracticable,  but  typical  lift  and  pitching-moment  curves  for  the 
model  with  slot  15  are  presented  in  figure  4.  Force  measurements  of 
drag  are  not  presented  because  of  the  unknown  tare  drag  of  the 
circular  end  plates  attached  to  the  model.  Instead,  the  drag  as 
evaluated  from  wake  surveys  is  presented.  Measurements  made  for  the 
model  with  slot  I5  are  given  in  figure  5  as  the  variation  of  section 
profile  drag  coefficient  with  flow  coefficient  for  constant  values 
of  lift.  Also  shown  are  the  values  of  drag  for  the  basic  airfoil  at 
the  same  values  of  lift. 

A  summary  of  the  maximimi  lift  obtained  for  the  model,  flap 
undeflected,  with  each  of  the  I6  different  slots  is  presented  in 
figure  6.  Each  group  of  curves  contains  data  for  the  model  with 
slots  of  approximately  the  same  width.  The  variations  of  maximum 
section  lift  coefficient  with  flow  coefficient  for  the  model  with  the 
flap  deflected  40^  and  slot  15  are  presented  in  figure  ?• 


Pressure— Distribution  Measurements 

Some  typical  pressure— distribution  data  obtained  for  the  model 
with  slot  15  are  presented  in  figures  8  and  9.  Also  shown  on  these 
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plots  are  pressiire  distributions  for  the  basic  airfoil  at  mnYinniTr. 
lift.  The  values  of  the  pressure  coefficient  P  are  observed 
values  at  the  test  Mach  number  of  0,167  and  have  not  been  corrected 
to  zero  Mach  number.  Some  of  the  values  of  the  pressure  coefficient 
observed  upstream  of  the  slot  are  greater  than  the  nwvinnini  ordinate 
of  the  plots.  To  depict  more  clearly  the  pressure  distribution  In 
the  Immediate  vicinity  of  the  slot,  the  first  10  percent  of  the  chord 
Is  shown  to  enlarged  scale  In  figure  10,  The  scale  of  P  has  been 
compressed  to  keep  the  negative  pressure  peaks  within  the  ordinate 
scale  of  the  plots. 

Some  additional  pressure  distributions  over  the  upper  surface 
of  the  model  are  given  In  table  II,  These  data  are  for  the  model 
with  slot  15;  flap  undeflected  and  deflected  h0°;  Cn ,  0,0038  and 

0,0035,  respectively.  The  angles  of  attack  selected  correspond  to 
lift  coefficients  in  the  vicinity  of  the  peaks  of  the  lift  curves. 


Plow  Yisuallzatlon  Studies 


A  limited  investigation  was  made  using  the  liquid— film  method 
for  tne  purpose  of  ascertaining  the  location  and  extent  of  the 
laminar  separated  region  near  the  nose  of  the  airfoil.  The  technique 
employed  was  to  spray  the  model  with  a  light  coating  of  the  liquid 
described  under  Apparatus,  then  to  run  the  wind  tunnel  a  short  time 
with  the  model  at  a  fixed  angle  of  attack.  At  8°  angle  of  attack,  a 
narrow  spanwlse  band  of  liquid  bounded  by  relatively  dry  areas  was 
discernible  on  the  basic  airfoil.  At  higher  angles  of  attack,  the 
band  became  covered  with  a  whitish,  fine-grained  froth  which  persisted 
on  the  airfoil  after  the  tunnel  was  stopped.  Measurements  of  the  well- 
defined  boundaries  of  the  band  are  presented  In  figure  U.  The  band 
was  taken  to  indicate  a  region  in  which  the  boundary-layer  flow  sepa¬ 
rated  from  the  airfoil  for  a  short  distance  along  the  surface,  then 
reattached  leaving  heneath  it  a  "bubble  of  relatively  dead  air.  This 
phenomenon  was  observed  near  the  leading  edge  of  the  basic  airfoil 
prior  to  the  complete  separation  of  flow.  The  visualization  technique 
was  applied  to  one  slotted-alrfoll  configuration  (slot  I5)  for  flow  rates 
^eater  than  Cq  =  0.0012,  and  for  this  case  the  phenomencaa  was  not 
discernible . 


Boundary— Layer  Measurements 

?  Boundary-layer  surveys  are  shown  In  figures  12 
and  13.  These  data  were  obtained  for  the  model  with  slot  15  arid 
presented  as  the  ohordwlse  variations  of  Se  derlvef b^^S^_ 
momentum  thickness  9,  and  shape  paramet^  eI 
TOlSf^f  It'  the  variations  of  the  parameters  are  shown  for  two 
ues  of  the  section  flow  coefficient,  and  In  figure  I3  comparison 
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Is  made  with  the  same  boundary— layer  characteristics  of  the  basic 
airfoil 


Plenum-Chamber  Pressures 

An  indication  of  the  pressure  against  which  the  boundary-layer 
suction  puii^)  must  operate  is  given  in  figure  14.  These  data  were 
obtained  with  slot  I5  from  the  average  readings  of  the  three  static 
tubes  in  the  plenum  chamber.  The  pressures  are  expressed  in  coef¬ 
ficient  form  in  the  same  manner  as  the  pressure  over  the  surface  of 
the  airfoil. 

No  attempt  was  made  to  design  an  efficient  expansion  from  the 
slot  entry  into  the  plenum  chamber.  Undoubtedly,  the  suction  pressure 
could  be  reduced  by  careful  design. 


DISCUSSION 

The  Effect  of  Boundary-Layer  Suction 

Maximum  lift.  -  Inspection  of  the  summary  plots  of  figures  6 
and  7  shows  that  with  no  flow ,  all  of  the  slots  investigated  reduced 
the  maximum  lift  below  that  of  the  basic  airfoil.  The  reductions 
lifb  (and  changes  in  the  peah  of  the  lift  curve)  are  similar  to 
the  effects  of  standard  roughness  as  discussed  in  reference  4.  In 
general,  the  maximum  lift  Increased  rapidly  with  increasing  flow 
coefficient  up  to  a  value  of  c^^  of  about  O.OO25.  Above  this  value, 
the  mailmiim  lift  tended  to  Increase  more  slowly  and  appeared  to  be 
approaching  an  latimate  value  asymptotically.  The  two  slots  on  the 
chord  line  (slots  1  and  2)  were  ineffective  in  increasing  the  rnwYiimnn 
lift  above  that  of  the  basic  airfoil  throughout  the  range  of  flow 
coefficients  investigated. 

To  give  an  idea  of  the  magnitude  of  the  air  flow  into  the  slot, 
consider  an  airfoil  of  10-foot  chord  at  an  airspeed  of  100  miles  per 
hour  at  sea  level.  A  value  of  cg  of  0.0025  would  correspond  to  a 
volume  flow  into  the  slot  of  about  3*7  cubic  feet  per  second  (at 
free-stream  density)  per  foot  of  span  or  a  weight  rate  of  flow  of 
about  0.28  pound  per  second  per  foot  of  span. 

The  greatest  Increment  of  lift  was  obtained  with  slot  I5  which 
Increased  the  from  I.38  for  the  basic  airfoil  to  1.84  at  a 

value  of  Cg  of  070068.  Because  of  this  fact,  most  of  the  data 
were  obtained  for  the  model  with  slot  15  which  was  the  widest  and 
farthest  aft  of  the  I6  slots  Investigated. 

The  effect  of  flow  into  the  slot  was  to  extend  the  straight 
portion  of  the  cj  versus  a  curve  to  hl^er  angles  of  attack,  and 
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to  round  ove;r  the  peak  of  the  curve  (fig.  4).  There  was  no  effect 
on  the  angle  of  attack  for  zero  lift. 

The  stall  of  the  hasic  airfoil  was  sharp  and  abrupt,  shaking 
the  model  support  system  so  violently  that  it  was  impossible  to 
obtain  satisfactory  test  points  beyond  the  stall.  This  type  of  stall 
is  considered  dangerous  in  that  the  pilot  of  an  airplane  would  have 
no  warning  of  the  Imminence  of  the  stall  in  the  form  of  shaking  or 
buffeting  of  the  aircraft.  With  auction,  the  model  stalled  more 
gently,  making  it  possible  to  obtain  test  points  beyond  the  peak  of 
the  lift  curve.  This  is  considered  indicative  that  the  initial  phase 
of  the  stall,  at  least,  resulted  from  separation  of  the  turbulent 
boundary  layer  at  the  trailing  edge  which  would  give  warning  to  the 
pilot.  This  type  of  stall  was  similar  to  that  characteristic  of  the 
basic  section  when  eq^uipped  with  a  lO—percent— chord  nose  flap  for  the 
preliminary  Investigation. 

Similar  effects  were  observed  with  the  flap  deflected  40^.  The 
maximum  section  lift  coefficient  was  increased  from  2.03  i*or  the  basic 
airfoil  to  2.54  at  a  value  of  of  O.OO65. 

Pitching  moment.—  The  effect  of  boundary— layer  suction  on  the 
pitching  moment  of  the  model  both  with  the  flap  undeflected  and 
deflected  40°  was  negligible.  The  pitching-moment  curves  (fig.  4) 
practically  coincide  throughout  the  linear  range  of  lift  coefficients. 

Profile  drag.—  The  profile  drag  of  the  airfoil,  as  measured  by 

the  wake  survey  method  (fig.  5)^  decreased  with  increasing  flow 
coefficient,  rapidly  at  first,  then  at  a  diminishing  rate.  The  drag 
of  the  airfoil  with  no  flow  into  the  suction  slot  was  considerably 
larger  than  that  of  the  basic  airfoil  for  all  values  of  lift,  but, 
for  a  c^  of  0.8  and  flow  coefficients  greater  than  about  0.002,  the 
drag  was  sli^tly  less  than  that  of  the  basic  airfoil.  It  should 
be  mentioned  that  the  measured  values  of  drag  do  not  include  the  sink 
drag  of  the  air  induced  into  the  airfoil  (i.e.,  the  component  of 
momentum  of  the  induced  air  in  the  drag  direction),  nor  is  any  con¬ 
sideration  given  to  the  power  req.ulred  to  induce  flow  into  the  slot. 

The  pressure  against  which  the  boundary— layer  suction  pump 
must  operate  is  high  near  maximum  lift,  as  may  be  seen  in  figure  l4. 

If  the  pimaping  power  is  charged  against  #the  aircraft  power  plant  as 
drag,  then  the  total  wing  drag  will  be  higji,  but  if  excess  power 
from  the  engine  is  available  as  in  a  normal  landing  approach,  then 
the  power  req.uired  for  boundary— layer  control  is  of  no  consequence. 

A  calculation  of  the  power  required  for  boundary— layer  control 
was  made  for  the  hypothetical  10— foot— chord  airfoil  mentioned  in  the 
discussion  of  lift.  Assuming  100— percent-efficient  air  induction 
and  using  the  values  (Cg^  =  0.0025  and  P  =  — I6)  corresponding  to  a 
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°2  of  2.2  with  the  flap  down,  the  power  required  for  the  air  pump 
Is  about  3  horsepower  per  foot  of  span  at  100  miles  per  hour  at  sea 
level. 

Pressure  distribution.-  The  pressure  distributions  (fig.  10) 
show  that  with  flow  Into  the  slot,  the  localized  peak  suction 
pressures  were  always  greater  than  those  on  the  basic  airfoil  at 
the  same  angle  of  attack,  but  the  iiinTlTniiTn  suction  pressure  Immedi¬ 
ately  downstream  of  the  slot  was  always  less  than  the  local  peak 
suction  pressure  In  the  Immediate  vicinity  of  the  leading  edge  of 
the  basic  airfoil.  The  pressure  distribution  downstream  of  the 
1-percent-chord  station  is  nearly  identical  for  the  model  with  and 
without  the  slot. 

Boundary-layer  characteristics . -  The  decrease  of  boundary-layer 
thickness  with  increased  flow  through  the  slot  may  be  seen  in  figure 
12.  The  effectiveness  of  boundary— layer  control  in  delaying  complete 
separation  of  flow  from  the  leading  edge  is  indicated  by  the  increased 
lift  and  stalling  angle  of  the  airfoil.  The  attainment  by  the  shape 
parameter  H  of  a  value  of  2.6  at  the  trailing  edge  is  indicative 
that  turbulent  separation  had  occurred  at  this  point.  (Previous 
investigations  have  demonstrated  that  complete  separation  of  the 
turbulent  boundary  layer  starts  when  H  attains  a  value  of  2.6  to 
2.7  (references  5  an<i  6).)  Further  verification  that  the  turbulent 
boundary  layer  separated  near  the  trailing  edge  with  flow  through 
the  slot  was  given  by  tuft  studies.  It  could  not  be  demonstrated, 
however,  that  the  complete  stall  was  the  result  of  the  forward 
progression  of  the  turbulent  separated  area.  It  is  possible  that 
separation  from  the  leading  edge  may  have  spread  rapidly  downstream 
to  merge  with  the  turbxilent  separation  spreading  forward  immediately 
prior  to  the  complete  stall  of  the  airfoil. 

At  0°  angle  of  attack  and  with  flow  into  the  slot,  the  momentum 
thickness  of  the  boundary  layer  was  nearly  twice  that  for  the  basic 
airfoil  (fig.  13 )•  At  4.2°  angle  of  attack,  the  boundary  layer  of 
the  suction  airfoil  was  slightly  thicker,  and,  at  hi^er  angles  of 
attack,  the  boxmdary  layer  was  appreciably  thinner  than  that  of  the 
basic  airfoil.  The  value  of  the  shape  parameter  was  slightly  lower 
with  boundary-layer  control,  particularly  at  the  higher  angles  of 
attack,  indicating  a  more  stable  tiirbulent  boundary  layer. 

Since  the  pressure  distribution  over  the  suction  airfoil  and 
that  over  the  basic  airfoil  were  practically  identical  downstream  of 
the  station  of  the  slot,  differences  in  the  rate  of  boundary— layer 
growth  are  not  attributable  to  differences  in  the  pressure  gradient 
against  which  the  boimdary  layer  must  flow.  The  observed  velocity 
profiles  showed  that  the  effect  of  the  slot  was  to  cause  earlier 
transition  to  turbulence  at  low  angles  of  attack  than  was  the  case 
for  the  basic  airfoil.  Because  of  its  more  forward  starting  point. 
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the  tiirbulent  houndary  layer  thickened  more  rapidly  than  the  boundary 
layer  of  the  basic  airfoil.  At  hi^  angles  of  attack  the  initial 
thickness  of  the  turbulent  boundary  layer  was  reduced  because  of  the 
removal  of  the  localized  region  of  separated  flow  by  the  action  of 
the  slot.  The  effect  of  the  suction  slot  may  be  seen  in  figure  15, 
in  which  are  compared  boundary— layer  velocity  profiles  measured  at 
the  10-percent-chord  station  on  the  basic  and  the  suction  airfoil. 

Tbe  turbulent  boundary  layer  of  the  suction  airfoil  grew  less  rapidly 
because  of  its  initial  thinness.  The  slower  rate  of  growth  of  an 
initially  thin  boundary  layer  may  be  seen  in  figure  I3. 

These  effects  of  the  suction  slot  on  boundary— layer  growth 
explain  the  drag  results  shown  in  figure  5. 

The  effectiveness  of  leading— edge  suction  in  increasing  the 
maximum  lift  coefficient  of  airfoils  subject  to  leading— edge  sepa¬ 
ration  is  the  result  of  two  effects  of  the  suction  slot.  First,  the 
leading-edge  separation  is  prevented  until  the  airfoil  stalls  at 
hi^er  values  of  the  lift  coefficient.  It  has  been  shown  that,  for 
the  same  value  of  lift  coefficient  below  the  stall  of  the  basic 
airfoil,  the  pressure  distributions  downstream  of  the  station  of  the 
slot  (figs.  8  and  9)^  and  the  boundary— layer  characteristics  (fig.  I3) 
of  the  basic  and  suction  airfoils  are  similar.  The  principle  effect 
of  the  suction  slot,  therefore,  is  to  delay  separation  of  flow  from 
the  leading  edge.  Second,  a  further  Increase  of  maximum  lift  is 
achieved  because  at  high  values  of  lift  the  initial  thickness  of  the 
turbulent  boimdary  layer  is  reduced,  enabling  the  turbulent  boundary 
layer  to  make  a  greater  pressure  recovery  before  separating  from  the 
surface  of  the  airfoil. 


The  Optimum  Slot 

It  was  believed  that  the  Important  variables  to  be  considered 
in  selecting  the  optimum  slot  for  Increasing  TnaTlTnuTn  lift  were  (l) 
the  chordwlse  location  of  the  upstream  edge  of  the  slot,  and  (2)  the 
width  of  the  slot.  Accordingly,  the  maxlmumr-lift  data  were  cross- 
plotted  in  two  different  ways. 

In  figure  I6,  the  maximum  section  lift  coefficient  is  shown  as 
a  function  of  the  chordwlse  location  of  the  upstream  edge  of  the 
slot.  Data  for  four  different  widths  of  the  slot  are  presented. 

The  wider  slots  did  not  extend  sufficiently  far  aft  to  define  defi¬ 
nitely  the  optimum  location.  For  the  narrowest  slot  (0.2  percent 
chord),  the  optimum  location  la  about  O.5  percent  chord.  It  is  inter¬ 
esting  to  note  that  the  downstream  boundary  of  the  froth  band  obtained 
in  the  liguid-film  studies  was  also  at  0.5  percent  chord  of  the  basic 
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airfoil  immediately  prior  to  the  stall.  (See  fig.  11. )  As  the  slot 
was  widened^  there  appeared  a  tendency  for  the  optimum  location  to 
move  aft* 

In  figure  I7,  the  maximum  section  lif't  coefficient  is  plotted 
against  slot  width  for  three  different  values  of  the  flow  coef¬ 
ficient.  In  general,  it  appears  that  within  the  range  of  slot  widths 
Investigated,  the  wider  the  slot  the  greater  its  effectiveness, 
particularly  for  the  higher  values  of  flow  coefficient. 

For  the  model  with  the  flap  deflected  40^^,  the  same  general 
trends  are  evident  as  for  the  model  with  the  flap  undeflected. 

These  data  are  insufficient  for  an  exact  determination  of  the 
optimum,  slot.  Although  greater  values  of  lift  may  he  obtained  hy 
use  of  a  slot  somewhat  farther  aft  and  wider  than  slot  I5,  it  does 
not  seem  probable  that  the  Increase  will  be  very  large,  as  shown  by 
the  tendency  of  the  curves  of  maximum  lift  coefficient  to  level  off 
with  increasing  slot  width. 


CONCLUDING  EEMAEKS 

The  leading— edge  type  of  separation  of  flow  which  normally 
characterizes  the  stall  of  the  NACA  63j_-012  airfoil  section  was 
successfully  forestalled  by  means  of  a  single  suction  slot  near  the 
nose  of  the  airfoil.  The  maximum  lift  of  the  airfoil  was  thereby 
Increased  until  the  turbulent  boundary  layer  separated  from  the 
trailing  edge.  Although  it  was  not  demonstrated  that  the  complete 
stall  was  the  result  of  turbulent  separation,  the  abruptness  of  the 
stall  was  considerably  alleviated  from  that  of  the  basic  airfoil 
section. 

The  largest  increment  of  the  maximum  section  lift  coefficient 
realized  was  0.46^with  the  flap  undeflected  and  O.5I  with  the  plain 
flap  deflected  40  .  It  is  believed  that  somewhat  greater  increments 
of  lift  could  be  obtained  with  a  slot  of  more  nearly  optimum  width 
and  location. 

The  chordwise  location  and  width  of  the  slot  are  Important.  The 
results  of  this  investi^tion  Indicate  that  the  leading  edge  of  the 
slot  should  be  downstream  of  the  point  of  separation  immediately  prior 
to  the  stall  of  the  basic  section.  The  effectiveness  of  the  slot 
increases  with  slot  width  up  to  a  value  of  at  least  0.8  percent  chord. 

Ames  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 

'Moffett  Field,  Calif. 
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TABLE  I.-  COOEDIKATES  FOR  NACA  63i-012 
AIRFOIL  SECTION 


Station 

(percent  chord) 

Ordinate 
(percent  chord) 

0 

0 

.5 

1.404 

.75 

1.713 

1.25 

2.717 

2.5 

3.104 

5 

4.362 

7.5 

5.308 

10 

6, 068 

15 

7.225 

20 

8.048 

25 

8.600 

30 

8.913 

35 

9.000 

4o 

8.845 

45 

8.482 

50 

7.942 

55 

7.256 

60 

6.455 

65 

5.567 

70 

4.622 

75 

3.650 

80 

2.691 

85 

1.787 

90 

.985 

95 

.348 

100 

0 

Leading-edge  radliis  I.O87— percent  chord 


TABLE  II.-  MEASURED  PRESSURE  COEBTICIEm'S  P  OVER  THE  UPPER 
SURFACE.  OF  THE  SUCTION  AIRFOIL  WITH  SLOT  15 
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Note:  Upper  surface  Is  discontlnuDus  "between  i/c  =  0.00377  and  x/c  =  0.0100. 
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Figure  1.—  Photograph  of  the  MCA  633^-012  airfoil 
model  with  nose— suction  slot. 


Slots  1-2 


Slots  3—16 
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Figure  3*“  Detail  of  small  iDOundary— layer  rake  or  "mouse.” 
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Section  profile  drag  coefficient,  Cf/ 
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Figure  5.  Variation  of  profile  drag  with  flow  coefficient 
for  the  mode!  with  slot  15. 


'ressure  coefficient. 
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Chordwise  station^  xic 

Figure  8.-  Pressure  distribution  for  the  mode!  with 
the  flap  undefiected.  Slot  15. 


Pressure  coefficient. 


Chord  wise  station,  x/c 

Figure  9.~  Pressure  distribution  for  the  mode!  with 
the  flap  deflected  40"*.  Slot  15. 


Pressure  coefficient,  P  Pressure  coefficient, 
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Chord  wise  station,  xtc 
(b)  Flap  undefiected 

Figure  10.-  Detailed  pressure  distribution  in  the  vicinity 
of  the  suction  slot  Slot  15. 


Boundary-layer 

Boundary-layer  momentum  thickness,  etc  shape  parameter, 
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faj  Cq=  0.00175 


(b)  Cq  r  0.0038 


Figure  12.-  Chord  wise  variation  of  the  boundary- layer  shape 
parameter  and  momentum  thickness.  Slot  15. 


Boundary-layer 
momentum  thickness,  61c 
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Pressure  coefficient. 
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Section  lift  coefficient,  C/ 

Figure  14.-  Variation  of  the  plenum- chamber  pressure  with 
lift  coefficient  Slot  iS. 
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Figure  I5.~  Boundary-  layer  velocity  profiles  at 
x/c^OJO.  Slot  15. 


Maximum  section  lift  coefficient, 
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Maximum  section  tiff  coefficient,  c/ 
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Figure  16.-  Continued. 


Maximum  section  tiff  coefficient,  Cf 
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upstream  edge  of  the  slot,  x^fc 
(c)  Wfc  0.006 


Figure  16.  -  Continued. 


Maximum  section  lift  coefficient,  c/ 


Maximum  suction  tiff  coefficiont,  Cf 
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Figure  17.-  Continued. 


Slot  width,  w/c 


(cj  Cg  *  0.0040 


Figure  17.-  Concluded. 


